The present study shows that increased Abeta production in hippocampal neurons, due to a failure of NGF signal, induces an unexpected phosphorylation of tyrosine kinase receptor A (TrkA), followed by activation of the phospholipase C ␥ (PLC␥) pathway and neuronal death. Such phosphorylation seems causally connected with 2 kinases known be involved in amyloidogenesis, Src and CDK5, and associated with ␣ and ␥ secretase-mediated p75 processing. Pharmacologic inhibition of TrkA phosphorylation and partial silencing of TrkA and/or p75 receptors prevent PLC␥ activation and protect neurons from death. Concomitantly with these events, TrkA, p75, Abeta peptides, and PS1 protein coimmunoprecipitate, suggesting their direct interplay in the subsequent onset of apoptotic death. Together, these findings depict a cellular mechanism whereby the same cellular transducing system may invert its intracellular message from trophic and antiapoptotic to a death signaling, which could also have relevance in the onset of Alzheimer's disease.
N
GF mediates survival, differentiation, growth, and apoptosis of neurons by binding to 2 types of cell-surface receptors. Whereas tyrosine kinase receptor A (TrkA) has been shown to transduce specific prosurvival signals via an intricate network of intracellular pathways (1), the pan-p75 receptor (p75) modulates NGF affinity for TrkA and has been shown to be involved in transducing or directly carrying out death signals (2) .
Recently several articles have summarized evidence for a causal link between deficit in NGF signaling, transport, and processing and the onset of Alzheimer's disease (AD) (3, 4) .
We have recently demonstrated that the interruption of NGF signaling in neurons activates the amyloidogenic pathway and induces death through a still-unclear mechanism (5, 6 ).
Here we show that 24 h after NGF deprivation, TrkA undergoes an unexpected NGF-independent phosphorylation. This posttranslational modification is induced either by the overproduced pool of Abeta or by exogenously added Abeta and is strictly connected to neuronal death. Such TrkA phosphorylation is largely prevented by inhibitors of CDK5 and Src intracellular pathways, both involved in amyloid processing (7) (8) (9) , and by TrkA and p75 silencing.
Concomitantly with TrkA phosphorylation, the amounts of p75 C-terminal fragments, which are the products of ␣ and ␥ secretase cleavage on p75 (10, 11) , increase and associate with TrkA to form a molecular complex also including a full length of p75, Abeta peptides, and PS1 protein.
Results

An Anomalous Phosphorylation of TrkA Receptor Occurs in Hippocam-
pal Neurons After NGF Deprivation. It is largely known that TrkA autophosphorylates after NGF binding and undergoes dephosphorylation, indicative of a resting state, after NGF detachment (1) . Surprisingly, we found that at a much longer time after NGF removal (24 h), a sort of paradoxical, marked TrkA(pY490) phosphorylation (which is much higher than that measurable in the presence of NGF) becomes detectable, although the full-length form is substantially unchanged (Fig. 1 A and B) . Such anomalous phosphorylation is strictly related to amyloid peptide(s) production, as shown by the finding that the anti-Abeta antibody 4G8, and, even more markedly, ␥ and ␤ secretase inhibitors ( Fig. 1 A and B) , largely or totally prevent TrkA phosphorylation, concomitantly with an inhibition of neuronal death, previously reported in the same experimental model (5) . Because the antibody used to detect TrkA(pY490) may also cross-react with TrkB and TrkC, to enrich the lysate to be analyzed, we have immunoprecipitated TrkA protein (IP TrkA) with a TrkA-selective antibody and subsequently blotted the immunocomplex with anti-TrkA(pY490). Supporting information (SI) Fig. S1 (Top) shows that TrkA is phosphorylated after 24 h of NGF removal and that the event is blocked by anti-Abeta antibody and ␥ and ␤ secretase inhibitors. The lower panel shows the amount of TrkA brought down with the IP procedure.
Inhibition or Silencing of TrkA and p75 Paradoxically Favors Neuronal
Survival Under NGF Deprivation. To confirm TrkA involvement in the neuronal death mechanism, hippocampal neurons were exposed to 2 different TrkA phosphorylation inhibitors, K-252a and CEP-2563 (CEP), and then deprived of NGF for 24 h, when intact and condensed nuclei were assessed. K-252a is a powerful cellpermeable protein kinase inhibitor largely used to inhibit TrkA phosphorylation (12) , whereas CEP is a highly selective inhibitor of TrkA receptor, acting at its ATP binding pocket (13) . As shown in Fig. S2 a and b , K-252a and CEP largely inhibit TrkA phosphorylation under NGF removal and almost totally protect neurons from death (Table 1) . Note also that Abeta 1-42 peptides also induce TrkA phosphorylation (Fig. S2c) , and Abeta-mediated neuronal death is counteracted by TrkA phosphorylation inhibitors (Table in Fig. S2c) .
Moreover, partial silencing of TrkA (Fig. S2d) induces 30% of neuronal death in the presence of NGF (Table 2) , confirming the prosurvival role normally exerted by TrkA receptor also in hippocampal neurons. Surprisingly, however, after NGF removal, when 47% of scramble neurons die, TrkA-silenced neurons seem to be protected (81%), further depicting a molecular mechanism in which TrkA is essential for neuronal survival in the presence of NGF but exerts a noxious action and induces neuronal death after its withdrawal. It is worth noting that in TrkA partially silenced neurons, TrkA remains phosphorylated after NGF removal. This event is probably due to the fact that only 20%-30% of TrkA is silenced. However, it may also suggest that other Trk receptors, such as TrkB or TrkC, may be involved in this anomalous Abetamediated phosphorylation.
Several studies suggest that p75 neurotrophin receptor may mediate TrkA phosphorylation by a direct or indirect binding to its transmembrane domain, via a still-unclear mechanism (14-16), modulating NGF affinity for TrkA receptor. To assess whether p75 affects TrkA activity, we have resorted to p75 RNA silencing (p75i). As can be seen in Table 2 , partial p75 silencing (see also Fig. S3a ) largely protected neurons from death due to NGF deprivation, concomitantly with a marked prevention of TrkA phosphorylation ( Fig. 2A) , indicating an active participation of this receptor in TrkA-mediated death mechanism(s). Note that cosilencing of p75 and TrkA receptors further potentiates neuronal survival after NGF removal, demonstrating a cooperation of both receptors in these events (Table 2) . Furthermore, the levels of amyloid precursor protein (APP) and of the 28-kDa PS1 N-terminus subunit are significantly reduced in the same p75-silenced NGF-deprived neurons ( Fig. 2A) , pointing to an involvement of p75 receptor in the mechanism leading to the activation of amyloidogenesis previously reported in the same experimental model (5) .
It was also recently demonstrated that p75 may mediate the Abeta 1-42 neuronal death mechanism via its processing (17) to produce p75 C-terminal fragment (CTF). To evaluate whether p75 processing also occurs in NGF-deprived neurons, we have performed Western blot analysis of these fragments in cytosolic and nuclear compartments. As shown in Fig. 2B , concomitantly with TrkA phosphorylation, p75 CTF increases in the cytoplasmic compartment, whereas p75 intracellular domain (ICD) accumulates into nuclei. The same events are also induced by Abeta peptides (Fig. S3b) and are prevented by ␥ and ␤ secretase inhibitors (Fig. 2B) . Relevantly, as previously reported and as shown in Fig. S3b , Abeta exposure induces an overload of p75 CTF, but not of p75 ICD fragments, probably because of an inhibition of ␥ secretase activity (17) . In contrast, in NGF-deprived neurons the accumulation of Abeta (5) and of p75 ICD fragments ( Fig. 2B and recently been described (19) , it was of interest to investigate whether TrkA anomalous phosphorylation is connected with PLC␥ activation at long incubation times. To this aim, pPLC␥ levels have been assessed in TrkAi, p75i, and cosilenced neurons 24 h after NGF removal. As shown in Fig. 3B , TrkA silencing and p75ϩTrkA cosilencing markedly prevented the increase of pPLC␥ levels, whereas no significant effect was detected in p75 silenced neurons, indicating that the PLC␥ pathway was TrkA dependent.
CDK5 and Src Family Are Involved in pTrkA-Mediated Neuronal Death
Mechanism. It is widely recognized that several kinases, such as CDK5 and Src proteins, trigger amyloidogenesis by affecting APP phosphorylation and processing (7) (8) (9) 20) . It is also known that the Src family is involved in NGF-independent mechanism leading to TrkA phosphorylation (21) . To evaluate whether such anomalous TrkA and PLC␥ phosphorylation is connected with these kinases, neurons were exposed to CDK5 and Src inhibitors (roscovitine and PP1, respectively), and the number of intact and condensed nuclei were assessed 24 h after NGF removal. As shown in Fig. S4 a and b, both PP1 and roscovitine compounds reduce TrkA and PLC␥ phosphorylation and prevent apoptotic death (Table in Fig. S4 ), supporting the hypothesis of an involvement of these enzymes in TrkAmediated neuronal death signal via Abeta-increased production.
pTrkA, p75 CTF, Abeta, and PS1 N-Terminus Association Occurs After the Interruption of NGF Signal. To assess a possible direct interplay between the NGF receptor system and some players of the amyloidogenic pathway within the context of cellular compartments, we performed coimmunoprecipitation assay and immunofluorescence analysis. Immunoprecipitation with anti-pan-Trk, followed by blot with p75 C-terminus antibody, shows that p75 (full length and CTF) is bound to TrkA receptor after 24 h of NGF deprivation (Fig. 4A) . Similar results are obtained when p75 is immunoprecipitated with anti-p75 C-terminus antibody and analyzed with TrkA(pY490) antibody. This complex is already formed 3 h after NGF removal and prevented by incubation with an Abeta antibody (Fig. 4B) .
To evaluate whether p75 also coimmunoprecipitates with Abeta peptides, 3-and 24-h NGF-deprived samples were immunoprecipitated with anti-Abeta (MAb 6E10) and blotted with p75 Cterminus and p75 N-terminus antibodies. As shown in Fig. S5a , p75 CTF but not full-length p75 species immunoprecipitate with Abeta peptides as soon as 3 h after NGF removal; the immunocomplexes decrease at 24 h and totally disappear at 48 h, when, however, both p75 and APP (full-length and Abeta peptides) seem to be localized in the same neuritic compartment (Fig. S5b) . Moreover, 28-kDa PS1 N-terminus subunit increases 3 h after NGF removal (5) and preferentially localizes in the nuclear compartment (Fig. S6 a and  b) where p75 ICD fragment is also present (Fig. 2B) . Furthermore, immunoprecipitation assay performed with anti-p75 C-terminal and blotted with anti-PS1 N-terminus antibodies shows that PS1 (holoprotein and 28-kDa N-terminal fragment) also binds p75 (Fig. S6c) .
Therefore, immunoprecipitation assays allow us to conclude that after NGF removal an interaction between the APP processing system and the NGF receptors occurs. This interaction is accompanied by the formation of a molecular complex in which p75 binds TrkA, Abeta peptides, and PS1 (holoprotein and 28-kDa fragment), eventually leading to hippocampal neuronal death. It remains to be established whether such a multimolecular complex actually occurs and operates in a living, intact neuron and whether it also involves other neurotrophin receptors.
Discussion
Growing evidence suggests that imbalance in the NGF signal, transport, and processing are crucial factors in AD (3, 4, 22) . Gene therapy trials using NGF-grafted autologous fibroblasts injected into the basal nucleus of Meynert (23) or drugs that maintain a homeostatic balance between TrkA and p75 (24) further validate the hypothesis of an involvement of neurotrophins in AD (25) and are promising in terms of AD therapy. The NGF receptor system is also affected in AD. TrkA decreases in the basal forebrain and in the cortex (26) of AD patients. A switch from TrkA to p75 has been described during neuronal aging, resulting in increased amyloidogenic processing of APP (27) . An Abeta pathway, inducing TrkA phosphorylation directly by itself and indirectly by promoting NGF secretion (28) , has recently been reported. p75 expression is also linked to changes occurring in AD (17, 29) , probably through its direct binding to Abeta 1-42 peptides (29, 30) . In addition, p75 mediates APP promoter activity, leading to an increase of secreted APP (31, 32) , and undergoes intramembrane ␣ and ␥ secretase-mediated processing to generate p75 CTF and p75 ICD fragments, respectively (11) . Our recent findings have demonstrated a direct link among NGF withdrawal, activation of amyloidogenic pathway, tau processing, and neuronal death (5, 6, 33) , providing evidence for a mechanism in which a discontinued or limited supply of NGF can activate the amyloidogenic pathway, triggering apoptotic death. The rationale of the present study was to investigate the possible connection between the NGF receptor system and the amyloidogenic pathway in an experimental model in which both events are directly linked.
Here we show that (i) TrkA undergoes an anomalous phosphorylation when NGF is removed from its ''physiologic'' binding site;
(ii) such phosphorylation may be directly or indirectly mediated by CDK5 and/or Src enzymes, as indicated by the finding that their respective antagonists contextually inhibit this posttranslational event and the ensuing death; (iii) both TrkA and p75 receptors play a role in apoptotic death after NGF removal, as shown by the finding that when they are partially silenced the extent of death is proportionally reduced; (iv) the products of ␣ and ␥ secretasemediated cleavage of p75, CTF and ICD, respectively distribute into different cellular compartments, where they probably contribute to apoptotic death also affecting gene expression (2, 3); and (v) the trigger of all these events appears to be Abeta, although whether it acts upstream or contemporarily to them remains to be elucidated. The finding that these events can also be induced by Abeta extracellular exposure confirms the primary role attributed to Abeta in this hypothesis. However, the fact that in its intracellular produced form due to NGF withdrawal Abeta is capable of inducing changes different from those reported when externally added (17) , and at concentrations that are an order of magnitude lower than those necessary to cause analogous cellular events when exogenously added, suggests that its toxic action may involve some intracellular players such as, for instance, NGF receptors, via their anomalous activation or processing.
An NGF-independent TrkA autophosphorylation has been described previously (34, 35) , and concomitantly to our study an Abeta-mediated, NGF-independent TrkA phosphorylation mechanism was described in hippocampal neurons (28) . We are unable to establish the exact sequence of events leading to this NGFindependent TrkA phosphorylation, but the findings that TrkA inhibitors fail to completely prevent its phosphorylation state suggest that other kinases, besides Src and CDK5, take part in this anomalous and unexpected TrkA phosphorylation. Recent findings carried out in animal models of AD and aging demonstrate that BDNF administration, initiated after disease onset, prevented cortical and hippocampal neuronal death (36) . Because similar effects were also described after NGF administration in AD11 mouse (37) and AD patients (23), we are prompted to hypothesize that TrkB could also undergo the same fate described here for TrkA.
On the basis of the findings reported here, we hypothesize a scenario summarized in Fig. S7 . When NGF is present and bound to TrkA, the crucial players, APP, the ␤ and ␥ secretases, and p75 receptors are in some way sequestered away from each other and/or kept inactive. Under this ''physiologic state,'' TrkA can transduce its numerous intracellular signals and, on the other side, ␣ secretase can catalyze the physiologic, nonamyloidogenic pathway. But if TrkA is deprived of its natural ligand (i.e., NGF), the CDK5 and Src enzymes may catalyze, in a still unknown fashion, the anomalous phosphorylation of TrkA. This event is probably induced by an . Note that to detect full-length p75 species (fl p75), longer time of exposure was needed than those necessary for CTF band. To demonstrate that equal amounts of protein were brought down after the immunoprecipitation procedure, membranes were stripped and reprobed with pan-Trk antibody. (B) Immunoprecipitation analysis performed with p75 C-terminal antibody (see Methods). Immunocomplexes were analyzed by immunoblotting with TrkA(pY490) antibody. The amount of p75 brought down by immunoprecipitation was analyzed by blotting with p75 C-terminal antibody (fl p75). Ctrl, samples before NGF exposure; ϩNGF, samples exposed to NGF; 3, 24, 24-h NGF-deprived samples; 3 ϩ 4G8, 24 ϩ 4G8, 24-h NGF-deprived samples incubated with Abeta antibody (MAb4G8).
imbalance of secretase activities with a consequent increase of Abeta peptides and p75 fragments, which lead to apoptotic death.
Altogether, these findings unravel a new neuronal death mechanism in which TrkA switches from a prosurvival to proapoptotic receptor via Abeta-mediated p75 processing and depict a link between a deficit of NGF-and probably of other neurotrophins-and all instances in which neurotrophins play their biologic role.
Methods
Cell Cultures. Hippocampal neurons were prepared from embryonic day 17 to 18 (E17/E18) embryos from timed pregnant Wistar rats (Charles River), as previously reported (4) .
Half of the medium was changed every 3 to 4 days. All experimental treatments were performed on 6-to 7-day-old cultures in Neurobasal B27 medium. Culmsee et al. (38) have previously reported that neuronal TrkA levels increase from day 1 through day 4 in culture and that a remarkable decline occurs at days 7 through 14 as compared with the initial expression levels. Therefore, to obtain the highest response to NGF exposure, hippocampal neurons plated for 3 to 4 days in Neurobasal plus B27 medium (control) were incubated with NGF (50 ng/mL) for 48 h (ϩNGF, ϩ) and then washed twice and exposed to NGF-free medium (-NGF). Duplicate experiments were carried out in the presence of an anti-NGF rabbit polyclonal antibody to confirm data obtained by simple NGF withdrawal and to exclude any NGF interference (Fig. S8) .
Anti-A␤ antibody (MAb 4G8, 1 g/mL; Signet), ␥ secretase (50 nM, L-685,458; Calbiochem) or ␤ secretase inhibitors (240 nM; MBL) were used at the highest nontoxic concentration (4).
CDK(s) inhibitors (roscovitine; Sigma), Src inhibitor (PP1; Calbiochem), and TrkA phosphorylation inhibitors (K-252a and CEP-2563; Calbiochem) were preliminarily tested in control neurons in the presence or absence of NGF and used at the highest nontoxic concentration.
Cell Viability. Viable hippocampal neurons were quantified by counting the number of intact nuclei (39) or by the DNA-binding fluorochrome Hoechst 33258 (Molecular Probes) (condensed nuclei). The stained cells were examined immediately with a standard fluorescence microscope.
Western Blot. Whole-cell lysates were obtained from neurons washed twice with ice-cold PBS and lysed in PhosphoProtein Lysis Buffer (Qiagen).
Equivalent amounts of cell extracts were mixed with sample buffer according to Invitrogen Nu PAGE. After heating at 70°C for 10 min, proteins were subjected to SDS-PAGE (Nu PAGE) and transferred electrophoretically to PVDF membrane (Amersham). Incubation with primary antibodies was performed overnight at 4°C, and subsequently membranes were incubated with donkey antirabbit peroxidase-coupled secondary antibodies (1:5,000) for 1 h at room temperature. Immunoreactivity was developed by an enhanced chemiluminescence system (Amersham). To normalize loaded sample, the blots were stripped (Restore Western Blot Stripping; Pierce) and reprobed with an antibody against ␣-tubulin (Sigma; 1/10,000, overnight at 4°C). For analysis of the Western blotting data, densitometric analysis was performed using Scan Analysis software for Macintosh (Biosoft).
The antibodies used were as follows: MAb anti-APP (22C11) from Chemicon; MAb anti-Abeta (clones 4G8 and 6E10), p75 C-terminal (#PRB-608P), and JUNK1 (#PRB-536) from Covance; MAb anti-PS1 N-terminus (clone APS11) and TrkA antibody, which detects basal levels of TrkA receptor, from Novus Biol (#R152-100); MAb anti-␣-tubulin, p35/25 CDK5, and MAb p75 N-terminal from Sigma; and TrkA(pY490), phospho-AKT(Ser-473), AKT (full length), and phospho PLC␥-1 (pY783) from Cell Signaling Technology. To better detect the full-length p75 band, which p75 C-terminus antibody from Sigma fails to show at short exposure times, the Western blot shown in Fig. S3b was performed with anti-p75-C-terminus from Covance.
siRNA Treatment. The pools of siRNA duplexes designed against rat p75 and/or Trk were obtained from Invitrogen (catalog no. 10620312; sequence RSS302377 for p75 and sequence RSS329366 for TrkA). An RNA fluorescent oligo was used as the scramble control of siRNA (BLOCK-iT; Invitrogen). siRNAs were transfected into cells by using the Lipofectamine 2000 (Invitrogen) as suggested by the manufacturer. Three-day-cultured neurons were incubated in OPTIMEM medium with siRNA against p75 and/or Trk (p75i; Trki; p75iϩTrki) or with a scramble RNA control oligos (scramble). Six hours later the oligos were removed, and neurons were exposed to NGF for 24 h. Subsequently the medium was rinsed, and the cultures were washed 3 times and incubated in a fresh NGF-deprived medium for 24 h.
Immunofluorescence. Hippocampal neurons were fixed for 20 min in PBS containing 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 (20 min, 20°C), and processed for labeling with anti-p75 C-terminal (N3908) from Sigma, anti-Abeta MAb 6E10 from Covance, and anti-PS1 N-terminal (clone APS11) from Novus Biological. Nuclei were visualized by staining with DAPI (1 g/mL; Sigma). Secondary antibodies coupled to Alexa dyes (488 and 594) were from Molecular Probes (Invitrogen). Digital images were obtained with an Olympus BX51 microscope (ϫ60 oil objectives) equipped with a Diagnostic Instruments SPOT camera and collected with SPOT image analysis software. Controls were performed either by omitting the primary antibody or by preincubating the primary antibody with the corresponding peptide. Subcellular Fractionation. Subcellular fractionation was carried out using the Nuclei Ez Prep Isolation kit from Sigma. Intact nuclei were lysed according to the procedure previously described (40) . Anti-JUNK (#PRB-536P; Covance) and antiLamin B1 (#M20; Santa Cruz Biotechnology) were used as loading control to determine the purity of cytoplasmic and nuclear extracts, respectively. Beta-actin Western blots were routinely carried out as loading control. For corresponding samples, equal protein amounts were loaded in different gels.
Immunoprecipitation. Immunoprecipitation was performed by cross-linking the Ig's antibodies to Protein G on bead surface. Samples containing the target protein antigen were added to Dynabeads Protein G complex, according to the procedure described by the manufacturer (Invitrogen), and eluted with 0.1 M citrate buffer (pH 2.3). pH was adjusted by adding Tris/HCl 2 M. Immunoprecipitation of TrkA reported in Fig. S1 and in Fig. S5 was performed with anti-TrkA antibody (30 g/100 L of Dynabeads Protein G) from Novus Biological (#R152-100). For the immunoprecipitation reported in Figs. S5 and S6, p75 C-terminus antibody (Covance), pan-Trk antibody (#G1581; Promega), and anti-Abeta antibody (6E10; Covance) were used at concentrations of 10 g/100 L of Dynabeads Protein G. Note that, because anti-p75 C-terminal from Sigma needs a long exposure time to detect full-length species, all immunoprecipitation procedures were carried out with anti-p75 C-terminus from Covance to be sure to recover also full length p75 species. Western blot analysis of Fig. 5 A and B and Fig. 6 (Top) was performed with anti-p75 C-terminus from Sigma.
Statistical Analysis.
Values are expressed as mean Ϯ SE. Statistical analysis was performed with ANOVA followed by the Newman-Keuls test. Statistical significance was accepted at the 95% confidence level (P Ͻ 0.05).
